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Single crystals of silicon were implanted at RT with 1 MeV boron ions to a dose of 1 X 10 l5 ions/cm2. The depth profile of the 
boron was measured using the 2060-keV resonance of the “B(a n)14N nuclear reaction. The distribution of the lattice disorder as a , 
function of depth was determined from channeling of MeV a-particles. This was done in the as-implanted case and after furnace 
annealing at temperatures up to 1000°C. A short description of the applied techniques is presented. The crystal disorder was found 
to almost vanish during annealing at 600°C and to reappear at higher annealing temperatures at a depth coinciding with the 
projected range of the boron ions. Both the boron and the disorder depth profiles are broadened after annealing at 1000°C. The 
results agree with recent findings on defect annealing in silicon. 
1. Introduction 
During the last few years much experimental work 
on MeV implantations in semiconductors has been re- 
ported [1,2]. High-energy implantation offer the possi- 
bility to make deep junctions or buried layers. A draw- 
back of the implantation technique is the introduction 
of lattice disorder. A well defined anneal treatment is 
necessary in order to reduce the disorder and to retain 
the implantation profile [3]. A detailed understanding of 
the annealing process and accurate data on the depth 
profiles after implantation and annealing are indispensi- 
ble for the fabrication process. 
Measurement of the depth profile of the implanted 
dopant with Rutherford backscattering (RBS) or (reso- 
nant) nuclear reaction analysis (NRA) yields absolute 
scales for the depth and the concentration and may 
serve as a calibration for other methods, provided the 
stopping powers of the particles used are well known. 
The measurement of the depth distribution of lattice 
disorder with RBS combined with channeling is very 
direct and is an important addition to the existing 
methods. In the case of deep inplants it is possible to 
distinguish between disorder which is related to the 
implanted dopant and disorder in impurity-free parts of 
the crystal. 
In the present study the boron depth profile of 
“B-implanted monocrystalline silicon wafers is mea- 
sured using the “B(cu, n)r4N nuclear reaction. To our 
knowledge it is the first time that this resonant reaction 
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is used for depth profiling. For this reason, the experi- 
mental technique will be described in some detail in 
section 2.2. 
With the same samples the depth profile of lattice 
disorder was determined from channeling of MeV (Y- 
particles. The method has been described in the litera- 
ture [4]. Therefore, only a short resume of the method 
will be given in section 2.3. The measurements were 
performed on the as-implanted samples and after fur- 
nace annealing at 600, 750, 900 and 1000°C. The re- 
sults, presented in section 3, are compared with existing 
data and theories in section 4. 
2. Experimental techniques 
2.1. Sample preparation 
Single crystals of p-type silicon with a (100) orienta- 
tion were implanted at RT with 1 MeV B2+ ions to a 
dose of 1 X 10” ions/cm2. This was done using the 500 
kV HVEE implanter of the Twente University of Tech- 
nology. The implantation direction was tilted 7” from 
(100) and rotated 27O from a (100) plane to suppress 
channeling to a minimum. The beam heating during 
implantation was estimated to be a few degrees only, 
due to the low beam current of - 50 nA/cm2. The 
annealings were done in a dry N, atmosphere. In the 
case of 900°C annealing it was checked that there was 
no difference between a vacuum-annealed sample and a 
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sample annealed in a nitrogen atmosphere. After an- 
nealing at 1000°C an oxide layer of about 10 nm was 
observed with RBS. The layer was removed in a dilute 
HF solution before the depth profiling of the boron and 
of the damage. The profilings were carried out using 
He+ ions from the Groningen 6 MV Van de Graaff 
accelerator. 
2.2. Depth profiling of boron with the “B(n, n)14N reac- 
tion 
The reaction l’B( (Y, n)r4N shows some marked res- 
onances in the energy region E, = 1.5-3 MeV [5]. The 
strong resonance at E, = 2.06 MeV looks promising for 
depth profiling as there are no neighbouring resonances 
within a few hundreds of keV. The Q-value of the 
reaction is 0.1514 MeV, resulting in a neutron energy of 
2.07 MeV at 0” for the E, = 2.06 MeV resonance. 
Possible disturbing reactions are the 13C((u, n)160 and 
17.18qa, ,)20,21 Ne reactions which also have positive Q 
values and are known to have comparable neutron 
yields 161. The I70 and “0 reactions would only be a 
problem if the bulk material contained a large fraction 
of oxygen. When care is taken to avoid carbon buildup, 
the r3C(ty, n)“O background may also be reduced to a 
negli~ble level. Under these conditions there is no need 
for a high resolution neutron spectrometer and an 
organic-sc~ntillator detector may be used. The scintilla- 
tion response of such detectors shows a rapidly decay- 
ing component, and a slow component, with different 
ratios for gammas and neutrons. This enables the use of 
pulse shape discri~nation between neutrons and gam- 
mas. 
The targets were mounted in a special vacuum cham- 
ber pumped to less than lo-’ Torr. No carbon buildup 
was observed with this system, even after several hours 
of Hei bombardment, neither in the observed yield, nor 
by visual inspection of the samples. A diaphragm with 
an aperture of 5 mm was situated 5 cm in front of the 
target. Care was taken that this diaphragm received less 
than a few percent of the beam current. The next but 
last diaphragm, with a smaller diameter, was situated 2 
m in front of the target chamber and well shielded by 
lead and boron-paraffin. The detector, placed at O” 
about 3 cm from the target, consisted of a 100 ml cell of 
NE213 scintillation liquid mounted on a RCA8575 pho- 
tomultiplier. The anode pulses were fed to a Canberra 
2160 pulse shape discriminator [7] and also to an Ortec 
463 constant fraction discriminator. The time difference 
between the output pulses of these two circuits was 
digitalized, as well as an energy-proportional signal 
taken from the 9th dynode of the photomultiplier. The 
degree of discimination between neutrons and gammas 
was very satisfactory as illustrated in fig. 1, showing a 
two-parameter time-energy spectrum obtained during 
an actual depth profiling measurement. For the yield 
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Fig. 1. Spectrum of pulses from the neutron detector, sorted as 
function of the two parameters, pulse height ( = energy) and 
pulse shape ( = time). This spectrum was obtained during a 
yield curve measurement of a boron-implanted silicon sample. 
curves to be discussed events were counted of which the 
energy and time signals each fell within a window set on 
the respective pulse height distribution. 
Fig. 2 shows the neutron yield obtained by bombard- 
ing a 13 pg/cm2 B target evaporated onto a Cu back- 
ing. The vertical scale represents the number of counts 
per 50 PC integrated beam current within a neutron-en- 
ergy window optimal for the 2060 keV resonance. This 
means that for higher bombarding energies the high 
energy part of the neutron spectrum is cut off. The 
resonances at I?, = 1510,1580,2060 and 2610 keV may 
be identified as known ‘tB( (Y, n)14N resonances [5,8]. 
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Fig. 2. Yield curve of neutrons from the reaction “B(a, n)14N 
in the energy region & = 1400-2700 keV. Target: 13 pg/cm2, 
natural boron. 
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The width of the 2060 keV resonance, deduced from a 
more detailed measurement than shown in fig. 2, was 
found to be rub = 45 + 3 keV, or Z&, = 33 f 2 keV, in 
good agreement with Van der Zwan and Geiger [5]. This 
limits the depth resolution for profiling of B in Si, 
where the stopping power of 2.1 MeV alpha particles is 
224 eV/nm [9], to a value of the order of 200 nm. 
However, the range can be as large as 2 pm. 
For the near-surface region the resonances at 2941 
and 2980 keV bombarding energy may be of interest. 
The yield in the region E, = 2900-3015 keV is shown in 
fig. 3 measured under somewhat different conditions 
than fig. 2 with a target of only 5 pg/cm2, and 10 nC 
beam dose per point. The width of the resonances was 
found to be rut, = 4.5 + 0.3 keV (E, = 2941 keV) and 
rlab = 6.5 + 0.3 keV (E, = 2980 keV), somewhat lower 
than the literature values [5]. If these resonances were 
used the depth resolution would be mainly determined 
by the energy straggling. However, the high level of 
continuous background under the resonances and their 
close proximity would make the unambiguous de- 
termination of depth profiles deeper than about 200 nm 
very difficult. Therefore we concentrated on the E, = 
2060 keV resonance. 
For each sample the yield as a function of bombard- 
ing energy was measured. The actual depth profiles 
were extracted from these measurements using a de- 
convolution procedure recently described [lo] in which 
the thin target yield (fig. 2) is used as response function 
and the straggling is taken into account. 
2.3. Depth profiling of damage 
For damage depth profiling several spectra of 
scattered particles (in this case 3 MeV a-particles) are 
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Fig. 3. Yield curve of neutrons from the reaction “B(a, n)14N 
in the region E, = 2900-3015 keV. 
measured with the beam direction coinciding with an 
axial or planar (channeling) direction or with a “ran- 
dom” direction. From these data the normalized yields 
x(z) are derived by dividing the channeled yield from 
depth z by the random yield from the same depth. This 
is done for damaged (implanted) and undamaged 
(virgin) parts of the same crystal. Random stopping 
powers are used to obtain the depth scale for the yields, 
both for the incoming and outgoing trajectories of the 
scattered particles. This point will be discussed later. 
The normalized yield of a damaged crystal is given by 
[41: 
x,(~)=XR(t)+(l-XR(z))f~d(Z), (1) 
Here xn(z) is the dechanneled (random) fraction at 
depth z. The second term describes the direct scattering 
of channeled particles by a number nd of displaced 
atoms per unit volume with a scattering factor f. 
The first term ~a( z) describes the particles entering 
the detector after dechanneling: first scattering brings 
the particle form a channeling trajectory to a random 
trajectory; then the random particle may be scattered 
into the detector. The dechanneled fraction can be 
expressed as: 
XIX(Z) =x,(z) + [l - X”(Z)1 
x[l-exp(-lodnd(z’)dz’)] (2) 
with x,(z) the normalized yield for a virgin part of the 
crystal and a, the efficiency for dechanneling by a 
defect. If the direct scattering factor is zero, one ob- 
taines the integrated dechanneling probability Z(z): 
The damage profile udn d is obtained by calculating 
dZ(z)/dz. If both dechanneling and direct scattering 
are important eq. (1) is most easily solved for the axial 
case. Then 1 -x(z) = 1 and /iud n,(z’) dz’ < 1. Eqs. 
(1) and (2) reduce to 
Xd(Z) -Xv(z) = &‘% n,(z’) dz’+f %(Z) (4) 
One can obtain the damage profile od n d ( z ) by choosing 
f in such a way that the damage level goes ‘to zero for 
large depth. 
For (small clusters of) interstitials the direct scatter- 
ing contribution is important. For dislocation loops the 
direct scattering factor is zero and the dechanneling 
cross section ud is proportional to \i( [ll], with 
E the energy, and Z, the atomic number of the incom- 
ing particles. Thus channeling provides information 
about the depth distribution and type of the defects but 
no detailed information on the size of defects, Burgers 
vector of dislocations, etc. 
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3. Results 
The boron concentration as a function of depth 
measured using the 2060 keV resonance of the 
“B( (Y, n)14N reaction is shown in fig. 4. The profile was 
obtained as described in section 2.2. All conversions 
from energy to depth scale were made using the stop- 
ping power function and parameter values as given by 
Ziegler [9]. The result is a mean projected range R, = 
1640 nm and an upper limit of the width of the distribu- 
tion of 200 nm fwhm. 
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Fig. 4. (a) Neutron yield curve for a silicon crystal implanted 
with 1 MeV B2+ ions to a dose of 10” at./cm’. The solid line 
is the fitted curve for the depth profile shown in (b). (b) Depth 
distribution of boron atoms calculated by deconvolution of the 
yield curve of (a) (see text). 
In fig. 5 (100) axial and (110) planar channeling 
spectra measured. after implantation and subsequent 
annealing are shown together with the spectra taken at 
the unimplanted part. After implantation the spectra 
show a direct scattering peak, indicating that the de- 
tected damage consists of (small clusters of ) intersti- 
tials. The damage profile shown in fig. 6 was calculated 
from the axial spectra with eq. (4). A simple model 
would predict a damage level proportional to the energy 
deposited in nuclear stopping by the implanted boron 
ions. The depth distribution of this deposited energy 
has been calculated by Brice [12] and is also depicted in 
fig. 6. This distribution has been scaled such that the 
calculated projected range of 1534 nm coincides with 
the experimental value of 1640 nm. In this way qualita- 
tive agreement is found between the measured profile 
and the calculation. 
After annealing at 600°C the channeling spectra of 
the implanted and unimplanted part show no difference 
within the limits of error, indicating that the damage, 
visible with the applied method, has vanished. 
As can be seen in fig. 5, disorder is observed again 
after annealing at 750°C. The spectra show an en- 
hanced dechanneling at a depth roughly coinciding with 
the projected range of the boron. After annealing at 
900°C the dechanneling in the region is even stronger. 
Annealing at 1000 ‘C causes a decrease of the dechan- 
neling probability and a broadening of the disordered 
zone. 
The spectra of the annealed sample show no evi- 
dence for direct scattering. Therefore the depth distribu- 
tions of the disorder, the damage depth profiles, were 
calculated by differentiating a spline fit of the in- 
tegrated dechanneling probability as given by eq. (3). 
The damage profiles obtained from axial and planar 
channeling spectra are compared in fig. 7. In the profile 
obtained from planar channeling spectra the disorder 
level returns to zero at a depth larger than 1800 nm. 
However, the disorder seems to extend much deeper in 
the profile derived from axial channeling spectra. This 
is attributed to multiple scattering effects not contained 
in the simple theory used. For the planar case the 
theory used seems to work surprisingly well. Note that 
the maximum of the damage is found at the same depth 
for planar and axial channeling. In the following, only 
damage profiles obtained from planar channeling spec- 
tra are considered. 
These damage depth profiles are shown in fig. 8 
together with the depth distributions of the boron. The 
boron profile is clearly broadened after annealing at 
1000°C; no change with respect to the as-implanted 
case was observed after annealing at temperatures up to 
900°C. The boron depth profiles were found at a slightly 
larger depth than the damage depth profiles. The dif- 
ference may be caused by the use of random stopping 
powers to obtain the depth scales from the channeled 
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Fig. 6. Normalized difference between the scattering yield as a 
function of depth from an implanted and an unimplanted part 
of the Si crystal (top curve). The decomposition into a dechan- 
neling and a direct scattering contribution is also indicated. 
The direct scattering contribution is compared with the shape 
of the energy deposition density as calculated by Brice [12]. 
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Fig. 7. Depth profiles of damage extracted from axial and 
planar channeling spectra for a sample annealed at 900’ C. 
spectra. In reality the average stopping power of the 
ol-particles penetrating the crystal in a planar or axial 
channeling direction is reduced. For perfectly channeled 
particles in axial direction the reduction can amount to 
50% [13], in planar direction the reduction is in the 
order of 10%. In the axial case only a small fraction of 
the particles dechannels due to defects. Obviously these 
Fig. 5. Energy spectra of 3 MeV a-particles scattered from 
silicon implanted with 1 MeV boron ions (10’5/cm2). The 
spectra are taken after annealing at temperatures as indicated. 
Channeling conditions: (a) beam direction along the (100) 
string. (b) beam direction in the (110) plane Each figure also 
shows the spectrum obtained from an unimplanted (virgin) 
part of the sample. 
M. Vos et al. / Defect and dopant depth profiles in B implanted Si 239 
1 
100 r 
-0 500 1000 1500 2000 2500 
Depth Inml 
Fig. 8. Depth 
POWER OF IN 5, 
- Santry and Werner 
1 zwgter 
2 fit to 5 and W 
0 1000 2000 3000 4000 5000 6000 7000 8000 
He Energy k&1 
Fig. 9. Stopping power of He in Si. Data points from Santry 
and Werner [l&16]. The soLid lines are: 1) the function used by 
Ziegler [9] to describe the stopping power, and 2) the same 
function with modified coefficients, A = (1.004, 0.768, 
62.582,0.771, 1.99}, providing a smooth inte~Iation through 
the data points. 
from recent stopping power values for He in Si, mea- 
sured by Santry and Werner [15,16]. The data of these 
authors were fitted to a functional form as given by 
Ziegler [9], see fig. 9. Using this function the difference 
between the mean ranges of boron and of the damage 
reduces from 70 nm to 58 nm, while the projected range 
of boron increases from 1640 nm to 1710 nm. It should 
also be mentioned that different parts of the stopping 
power curves (fig. 9) are used to obtain the depth of the 
damage and of the boron. This may lead also to a 
discrepancy in the depths found. For the NRA measur- 
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Fig. 10. The integrated dechanneling probability I at a depth 
of 2000 nm as a function of (E/Z,)“*. Shown are experimen- 
tal data fitted with a straight line for planar channeling (upper 
curve) and axial channeling (lower curve). Data points ob- 
tained with a-particles and protons as indicated. 
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ments yielding the boron depths the stopping power 
between 2 and 2.5 MeV is used. The depth scale for the 
damage is derived from channeling spectra using the 
stopping power from 2.7 to 3.0 MeV (incoming trajec- 
tory) and from 1.0 to 1.6 MeV (outgoing trajectory). 
In a separate series of experiments the energy depen- 
dence of the integrated dechanneling probability was 
measured using protons as well as a-particles for the 
sample annealed at 900°C. The results obtained for the 
planar (110) as well as for the axial (100) cases are 
shown in fig. 10. It was found that the dechanneling 
probability is proportional to (E/Z,)1/2 for values of 
E/Z, at least up to 3 MeV/Z,. From this it is con- 
cluded that the dechanneling is caused by dislocations 
or dislocation loops with a diameter > 50 nm as esti- 
mated using the calculations of Kudo [ll]. 
4. Discussion 
The value found for the average projected range of 1 
MeV boron in Si is 1640 nm or 1710 nm, depending on 
the set of stopping parameters used. The estimated 
statistical error is 20 nm, which means that the total 
error is detemined mainly by the uncertainty in the 
stopping power. The projected range values are close to 
the value of 1670 nm determined with the CV method 
as well as with SIMS [17]. The broadening of the boron 
depth profile at 1000°C is in agreement with the find- 
ings of others, see ref. [18], for instance. 
The development of the damage profile as a function 
of annealing temperature can be understood if a differ- 
entiation is made between the intrinsic damage in the 
silicon caused by the energy deposited in nuclear colli- 
sions and damage which is associated with the boron 
impurities. As has been pointed out by Narayan and 
Fletcher [19], the intrinsic damage resembles the damage 
caused by fast neutron irradiation. During neutron 
irradiations the recoiling silicon atoms give rise to non- 
amorphizing damage cascades as in the case of boron 
implantation. After neutron irradiation interstitial clus- 
ters with 6-18 atoms and smaller vacancy clusters con- 
taining some 3 vacancies were observed with X-ray 
diffuse scattering [20]. In addition, small interstitial 
loops with an average size of 28 A and even smaller 
vacancy loops with an average size of the visible loops 
of 7 A were observed with TEM and X-ray diffuse 
scattering [19,21]. The dechanneling by the vacancy 
type of defects probably is very small. The small inter- 
stitial type of defects contain silicon atoms in interstitial 
positions. This would explain the large direct scattering 
component after the boron implantation observed in 
this work as well as in other studies [22]. From refer- 
ences [19,20] it is known that the intrinsic damage 
anneals out in a number of anneal steps and completely 
vanishes at anneal temperatures between 600°C and 
700 o C, depending on the density of the damage. This is 
in agreement with the fact that we see almost no damage 
after annealing at 6OO’C. 
From channeling studies [23] it is known that after 
implantation with 10” ions/cm* and annealing at 
600°C the boron atoms occupy mainly random lattice 
sites. After annealing at temperatures between 600°C 
and 1OOO’C the substitutional fraction increases gradu- 
ally to 90%. The dissolution of the boron causes a 
relatively large lattice dilatation of (l/C)(Aa/a) = 0.26 
[24] with a fractional concentration C and lattice con- 
stant a. The strain caused by the dilatation can induce 
dislocation loops. It has also been suggested [19] that 
interstitial atoms, created by a kick-out mechanism 
when the boron dissolves, cluster to create interstitial 
type of dislocation loops. One or both of the mecha- 
nisms may cause the reappearance of damage observed 
approximately at the depth of the implanted boron. In 
TEM work [19,25,26] this damage in regions of high 
boron concentration has been seen in the form of char- 
acteristic rod-shaped defects and (interstitial type of) 
dislocation loops. The rod-shaped defects, which may 
contain boron atoms, anneal out at 750°C. The disloca- 
tions coarsen and only anneal out above 900-1000°C. 
This picture is in agreement with the present findings. It 
explains the fact that the dechanneling after annealing 
at 900°C is mainly caused by dislocations or disloca- 
tion loops. 
The broadening of the damage profile together with 
the boron profile after 1000°C annealing has not been 
reported before. It may be caused by the creation of 
new damage by one of the mechanisms mentioned 
above or it may be due to the pinning of moving 
dislocations by boron atoms. 
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